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Abstract
The disaster at the Fukushima Daiichi Nuclear Power Plant in March 2011 bought renewed

focus to the issue of corrosion in nuclear fuel cladding applications. This thesis reports on the
background behind these issues, the investigation strategy, and the analysis of experiments focused

on mitigating oxidation of Zr-alloy fuel cladding. This thesis seeks to develop magnetron sputtered
Ti-Al-C and Cr-Al-C coatings for Zr-alloy substrates and characterize the as-deposited and corroded

samples.

Ti-Al-C and Cr-Al-C coatings were deposited onto ZIRLO, Si, and Al2O3 [Aluminum Oxide]

substrates under various sputtering conditions. A combinatorial sputtering method was employed
to refine the sputtering parameters. Following each deposition, the coatings were characterized
using grazing incidence x-ray diffraction. The crystal structures of the as deposited Ti-Al-C coatings

are consistent with TiC [Titanium Carbide] with aluminum substituting onto carbon sites and TiAl3

[Titanium Aluminide]. The as deposited Cr-Al-C coatings were determined to be Cr2AlC [Chromium

Aluminum Carbide] MAX phase.

After characterization of the as-deposited coatings, corrosion tests in water were performed

on ZIRLO coupons, in a 360 degrees Celsius autoclave. In this thesis, each of the coatings exhibited

significant weight gain compared to conventional Zr-alloy claddings. Following corrosion, the
samples were analyzed using grazing incidence x-ray diffraction.

Results of corrosion testing show the Ti-Al-C coatings of this study are not fit for the

application coatings for nuclear cladding, as multiple oxide and hydroxide phases were produced.

Much of the Cr-Al-C the coating spalled off the substrate during corrosion testing. Cr-Al-C

coatings that survived the corrosion testing produced phases consistent with Cr2AlC MAX phase,
Al2O3, and Cr2O3 [Chromium Oxide].

In addition to the corrosion study, an in-situ high temperature grazing incidence x-ray

diffraction study was performed on the Cr-Al-C on Al2O3 sample. Analysis of the high temperature

data suggest the Cr2AlC MAX undergoes a disordered to ordered transformation of the phases Cr
and Al sites at increasing temperatures.
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Introduction

Oxidation and corrosion resistance of zirconium alloy claddings is of critical importance for

the efficient and safe operation of nuclear power reactors [1]. Among several possible solutions, it
is proposed that a corrosion resistant coating would be one of the most viable solutions for near
term application [2]. Coatings have been extensively used to prevent corrosion of several alloys
currently used in engineering applications. However, fabrication of single phase coatings on
Zirconium alloys (Zr-alloy) pose several constraints, and thus understanding and knowledge is
sparse in this area of research.

This chapter will discuss the background and motivation to reduce oxidation/corrosion of

Zr-alloy nuclear fuel cladding. The chapter will summarize some of the advanced fuel concepts

being studied to replace or modify Zr-alloys. The chapter will then justify why fabrication of coating

is a near term viable option. Finally, the chapter will lay the goals and outline of this thesis.

1.1

Background and Motivation

Electricity generated from nuclear power contributes to 19.5 percent of the total power

generated in the United States. Specifically, about 797.1 billion kilowatt-hours of electricity was
generated from nuclear reactors in 2014. Currently, the United States fleet of nuclear reactors
consists of 99 light water reactors (LWRs) contributing to this energy production, with 34 boiling
water reactors (BWRs) and 65 pressurized water reactors (PWRs) [3].

Figure 1-1 shows a schematic of a typical PWR. In order to generate electricity in a PWR,

pressurized water is circulated around the reactor core to absorb the heat generated from nuclear
fission reaction. This heated primary water in turn transfers energy to a secondary water loop. In

this secondary loop, steam is generated, which is then used to turn a turbine and generate
electricity.

The reactor core is comprised of fuel elements, a moderator, and control rods. The fuel

elements consists of a fissile nuclear fuel, typically 1 cm diameter enriched UO2 pellets, enclosed in
a 4 meter long 0.6 mm thick metal tube, called cladding. Typically, an alloy of Zr is used as a
cladding material in modern day LWRs. The fuel elements are submerged in the moderator at all
times during the operation of the reactor.
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The nuclear cladding serves to prevent the release of radioactive gases and fission products

to the primary water as well as protects the fuel from the eroding effects of the flowing primary
water.

The properties of suitable cladding materials can be divided into two categories, nuclear

properties and metallurgical and physical properties. Cladding materials are required to withstand

the strains imposed by the release of fission gases from the fuel under irradiation. It is required to
be tolerant to irradiation induced swelling and should have a reduced chemical interaction with the

fuel. A successful fuel cladding will have a high thermal conductivity, in order to efficiently transfer

heat from the core to the primary water. In order to maintain a coolable geometry, it is necessary
for the cladding to be oxidation resistant under reactor conditions. However, the most importantly

the cladding material itself should have a very low neutron absorption cross-section in order to

maintain the controlled chain nuclear reaction. [5]

Under normal operating conditions, zirconium alloys have become a proven class of

materials for nuclear fuel cladding, since their development in the early 1950s [6]. Zirconium was

chosen for use in the cores of water-cooled reactors because of its low thermal neutron absorption
cross-section, reasonable mechanical properties and adequate corrosion resistance in high
temperature water. [7, 8]

Figure 1-1. Simplified Pressurized Water Reactor Schematic [4].
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The properties of Zr-alloys may be ideal for normal reactor operating conditions; however,

the accident scenario presented by the disaster suffered at the Fukushima Daiichi Nuclear Power
Plant in March 2011 has bought renewed focus on the issues of nuclear safety. The accident

occurred after the plant was struck by a tsunami that had been triggered by a magnitude 9.0
earthquake. The 14-meter tsunami damaged the reactors and flooded the emergency diesel

generators, eventually leading to the loss of active cooling to the reactor. As the reactor heated, the

coolant was converted to steam and increasingly reacted with the Zr-Alloy cladding to produce
hydrogen gas. The resulting hydrogen gas ignited resulting in a detonation that damaged upper

structures of the containment buildings. The accident eventually resulted in the nuclear meltdown
of three out of the plant's six nuclear reactors.

1.2

Oxidation of Zr Alloys

During normal operation, the zirconium alloy oxidizes slowly in the reactor water by the

growth of a thin oxide scale on the surface. Within the bulk of zirconium alloy cladding, the metal is

hexagonally close packed α-phase zirconium with a small distribution of secondary phase particles.

During a Loss of Coolant Accident (LOCA), the metal heats up to temperatures over 1000°C. When
the temperature reaches about 800°C the α-phase zirconium starts to transform to the body

centered cubic β phase. A phase diagram depicting the transformation is shown in Figure 1-2. At the

same time, oxygen dissolved in the metal stabilizes the α phase. Combined, these two phenomena

produce a layer of α phase with a high content of oxygen that starts to grow on the β phase

underneath the oxide scale. A schematic of the resulting microstructure can be seen in Figure 1-3.

The problem is that oxygen also embrittles the α phase and that the oxide itself is very brittle. In

addition, around 800°C, the oxidation reaction between zirconium and steam starts to accelerate

and the growth of the oxide phase becomes significant. This produces a very brittle structure that

may burst when the hot fuel rod is quenched back to low temperature, potentially releasing fission
products and gases as well as the fuel itself, causing the accidental release of radiation.

3

Figure 1-2. Zirconium – Oxygen Phase Diagram assessed at 1 bar [9].
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Figure 1-3. Schematic Illustration of Microstructure (Top) and Oxygen Distribution (Bottom) in Oxide, Stabilized
Alpha, and Prior-Beta (Transformed-Beta) Layers in Zr-Alloy Cladding after oxidation near 1200°C [10].
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The accident highlighted the well-known fact that Zirconium alloy cladding undergoes

severe exothermic oxidation reactions under high temperature accident conditions, which can
further exacerbate both the accident and the consequences. The corrosion reaction of zirconium
metal in water is written as:

2𝐻2 𝑂 + 𝑍𝑍 → 𝑍𝑍𝑂2 + 2𝐻2

(1)

Figure 1-4 schematically shows the oxidation process for the interaction between zirconium

alloys and water in the presence of an oxide layer.

First, oxygen in the water molecule dissociates and is adsorbed onto the oxide layer surface

at an oxygen vacancy site. At the oxide – metal interface, there is a localized substoichiometric

oxide, creating a concentration gradient that drives the diffusion of oxygen anions across the oxide

layer. The oxygen anions diffuse either through the bulk of the oxide or along the oxide grain
boundaries via solid-state diffusion.

When the oxygen anion reaches the oxide – metal interface, it reacts with zirconium cations

to produce a new oxide interface. The formation of the new oxide releases electrons, which then
migrate through the oxide to react with hydrogen cations. Some hydrogen atoms do not recombine
with electrons at the oxide – water interface but are instead absorbed by the oxide layer and make
their way into the metal. The diffusion of hydrogen through the oxide layer and into the metal is
termed as hydrogen pickup [1, 11-13].

One of the major problems in the use of zirconium alloys is hydrogen absorption (from the

metal/water reaction) and the consequent embrittlement [6, 14]. Zirconium and its alloys have
been observed to pick up hydrogen during corrosion in high-temperature water and steam.
Hydrogen in concentrations up to 1800 ppm has been shown to have little effect on the corrosion
behavior of zirconium, provided the surface layer through which the hydrogen diffused into the

meal is removed prior to corrosion testing. However, it has been established that excessive
hydrogen results in embrittlement of zirconium owing to the precipitation of the hydride in the
form of platelets within the metal.

Additionally, a significant amount of hydrogen is picked up by the cladding both during low-

temperature oxidation under normal operation and during the high-temperature oxidation in the

LOCA sequence. Pickup of hydrogen in the cladding significantly exacerbates cladding
embrittlement, especially after the quenching phase. Last but not least, is the large exothermic heat
6

generated during oxidation of the cladding. At high enough temperatures, the rate of steam-

cladding oxidation is so high that the heat can no longer be adequately dissipated by cooling,

eventually leading to run-away oxidation and hydrogen gas production. If run-away or autocatalytic

oxidation is not stopped, cladding metal and reactor core could melt or detonate accumulated
hydrogen gas.

Following the Fukushima Daiichi accident, there has been a surge of activity to improve

cladding materials and ultimately, to produce so-called accident tolerant fuels. Fuels with enhanced

accident tolerance are those that, in comparison with the standard UO2-Zirconium alloy system, can
tolerate loss of active cooling in the core for a considerably longer time period (depending on the

LWR system and accident scenario) while maintaining or improving the fuel performance during
normal operations.

Figure 1-4. Schematic of the corrosion process in zirconium alloys. Surface reactions 1–5 occur in series, but the
rate-limiting steps are the transport of oxidizing species (oxygen, electrons, and hydrogen) in the oxide layers, as
indicated by the thick arrows [1].
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Currently, there has been a surge in research activity and several fuel concepts are being

proposed. The next section summarizes the concepts proposed to mitigate the corrosion of Zralloys.

1.3

Advanced Cladding Concepts

Zirconium based alloys for fuel cladding were first developed in the US Nuclear Navy

program in the 1950s. Early on in the program, it was found that the corrosion performance of

zirconium alloys worsened as the alloy became more pure, in contrast to other alloy systems. The

corrosion of pure zirconium produces an unstable breakaway corrosion process, in which the
oxide-metal interface constantly breaks down and the oxide layer advances very rapidly and

unevenly into the metal. It was found that almost any alloying element increased the corrosion

resistance of the alloys. In addition, zirconium only needed a very small portion of alloying
elements to produce a marked increase in corrosion resistance [1, 8, 15]. These improved corrosion
resistances gave rise to the study of several different zirconium alloy systems, with some
compositions shown in Table 1-1.

Zircaloy-4 was used in western PWR plants from the 1950s to the 1990s. However, modern

alloys such as ZIRLO and M5 have replaced Zircaloy-4 as the choice alloys in PWRs. The primary
motivation for this change was to decrease the irradiation-enhanced corrosion of the fuel cladding.

Figure 1-5 demonstrates that ZIRLO exhibits less oxide growth than the Zircaloy-4 family of alloys.
[1, 16]
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Table 1-1. Chemistries of zirconium alloys in pressurized water reactors

Alloy
Zircaloy-4
E110
E635
ZIRLO
Optimized
ZIRLO
M5
J-Alloys
J1
J2
J3
AXIOM alloys
X1
X2
X4
X5
X5A

Nominal alloy composition (wt %)
Sn
Nb
Fe
Cr
1.3
0.2
0.1
1.0
1.2
1.0
0.35
1.0
1.0
0.1
0.67
1.0

0.3
0.3
0.45

1.8
1.6
2.5

0.7 – 1
1
1
0.7
0.3

1.0

Cu

V

Ni

0.1

O

0.14

0.1
0.05
0.06
0.06
0.35
0.35

0.25
0.25
0.25

0.12
0.08

0.2
0.05

Figure 1-5. Axial variation of oxide thickness on zirconium alloy fuel rods. Zero elevation is the lowest point in
the fuel assembly, at which the colder cooling water first comes in [1, 16].
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Advanced cladding concepts currently being considered by various researchers include

stainless steels, Nickel based alloys, bulk ferritic alloy steel, oxide dispersion strengthened (ODS)
alloys, bulk silicon carbide, and zirconium carbide [17-31]. However, these concepts represent
major engineering changes to LWR cores. The goal of this thesis is to apply an external coating to

the zirconium alloy cladding, in order to improve the high temperature, accident performance of
the existing nuclear fuel cladding, without detrimentally affecting fuel performance during normal
operation.

In order for a new LWR fuel type to become qualified by the Nuclear Regulatory

Commission, the new design must undergo a qualification process. The timeline of this process
indicates approximately 23 years from the submission of a design until the new LWR fuel type is

qualified for use [2, 32]. However, a near-term solution is needed to improve the safety of existing

systems. By coating the current zirconium-based cladding, improvements may be made to the fuel
element performance at reduced costs and development time versus the complete redesign of the
fuel clad or fuel clad system [2].

1.4

Qualification for Coatings

In order for the coatings to be useful for its application as an oxide preventive covering for

nuclear cladding in reactors, it must possess most of the below mentioned properties and can be
fabricated without modifying the mechanical and chemical properties of as-fabricated Zirconium
alloys.

1. The coating material should be neutron transparent and should not hamper the neutron
economy.

2. The coating should be fabricated with desired the microstructure and crystal chemistry
below 550°C in order to maintain the as-fabricated microstructure of the Zirconium alloy.

3. The coating needs to be adherent and stable under the thermal cycles expected in a reactor
under normal operating conditions.

4. The coating itself should be immune to corrosion.

5. The coating should more or less impermeable to oxygen, to avoid corrosion of the
underlying Zirconium metal.

6. The coating should be impervious to hydrogen.

7. It would be desirable for the coating to have self-healing properties.
10

8. The coating needs to exhibit a long-term mechanical stability, concerning spalling of the
coating and to fretting.

9. The coating also needs to be stable under conditions in which the cladding undergoes
differential deformation such as creep and growth.

10. The mechanical, chemical and corrosion resistant properties should not degrade due to
radiation damage.

11. Finally, the coatings should render the cladding more resistant under LOCA conditions.

1.5

Research Goals

The overarching goal of this thesis is to develop and characterize oxidation resistant

coatings on a ZIRLO, an alloy which has been proven to have some of the best oxidation properties

among the Zirconium alloys presently used in commercial power reactors. Some research specific
goals are to,

1. Deposit coatings with substrate or post-deposition annealing temperatures below 500°C.

2. Perform laboratory based corrosion test on the as-deposited samples based on ASTM
standards.

3. Characterize the weight gain, microstructure and crystalline phases of the as-deposited and
corrosion tested samples.

1.6

Thesis Outline

This thesis consists of four chapters including necessary background and motivation in

Chapter 1. Chapter 2 discusses the experimental design of the coating deposition as well as the
analytical techniques used to characterize the coatings. Chapter 3 provides discussion and
conclusions of these research efforts. Finally, Chapter 4 presents recommendations for future
research interests.
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2

Experiments

The design for experiments consisted of coating 1 inch x 2.2 inch plates of ZIRLO obtained

from Westinghouse. The samples were coated using a magnetron sputtering deposition technique.

The as-deposited samples were sent to Westinghouse for oxidation resistance experiments in an
autoclave. The samples were characterized using analytical techniques such as Grazing Incidence X-

Ray Diffraction, Scanning Electron Microscopy, Energy Dispersive X-Ray Spectroscopy, and Optical
Microscopy both before and after oxidation. The results obtained from these experiments were
used to refine the coating fabrication process.

In the present chapter we briefly explain the experimental and characterization techniques

used during the course of this thesis.

2.1

Sample Preparation

The ZIRLO substrates used in this experiment were synthesized and provided by our

collaborators, Jonna Partezana and Robert Comstock, at Westinghouse.

The ZIRLO brand Zr-alloy, with a chemistry of 1.0 wt% Sn, 1.0 wt% Nb, and 0.1 wt% Fe, is

melted by consumable arc melting. This process is used because the solidification rate of molten
material can be tightly controlled. This allows a high degree of control over the microstructure as
well as the ability to minimize segregation. The ingot is forged to produce beta phase, cut into

billets, and quenched to stabilize the beta phase. The alloy is extruded into a sheet or a tube shell.

For purposes of this thesis, the extruded product was a ZIRLO sheet. The extruded element
undergoes multiple cycles of vacuum annealing and cold working, before it reaches its final size and
is stress relieved by its final vacuum annealing. [33, 34]

Prior to any coating deposition, a 12 inch x 2.2 inch sheet of ZIRLO was cut into 1 inch x 2.2

inch coupons with a shear press. The edges of the ZIRLO coupons were ground down by hand with

240-grit SiC sandpaper. The corners of the coupons were also lightly blunted using 240-grit SiC

sandpaper.
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Two surface preparation techniques were used during the course of this thesis:

Surface Treatment 1

Both sides of the 1 inch x 2.2 inch ZIRLO coupons were intentionally roughened by hand

grinding using 240-grit SiC paper, until the surface was smooth and even. The surface grinding was
repeated with 600-grit and 800-grit.
Surface Treatment 2

The ZIRLO coupons where bound to an aluminum L-bracket using an acetone soluble

mounting wax. A glass plate was used to provide a smooth surface for polishing.

The surfaces of the ZIRLO coupons were polished by hand using 15 micron 3M WetorDry®

Tri-M-Ite® Polishing Paper, until the surface was smooth and even. The surface polishing was

repeated with 9 micron, 3 micron, 2 micron, and 1 micron 3M WetorDry® Tri-M-Ite® Polishing

Paper. The final polish was provided by applying 0.05 micron polycrystalline diamond paste to a

chamois and polishing the ZIRLO coupon by hand. Once the first surface of the ZIRLO coupon was

prepared, the coupon was removed with acetone from the L-bracket. This treatment was repeated
for the other side of the coupon.

Following each surface treatment, a 1.5 mm diameter hole was created approximately 1/8

inch down from the top center of the coupon, using a hand operated metal punch. The samples

were identified by scribing their designation on one side of the coupon, using a Dremel electric
engraver with a carbide tip.

The sample identification is located approximately 1/8 inch up from the bottom edge of the

sample. The sample designation takes the form TF##, where T is for Tennessee, F is for flat, and
then the sample number. The samples were then ultrasonically cleaned in an acetone bath for 10

minutes. Finally, the samples were ultrasonically cleaned in a methanol bath for 10 minutes and
dried with compressed air. Schematics of each of the ZIRLO surface preparation procedures are
shown in Figure 2-1 and Figure 2-2.
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ZIRLO sheet is cut with a shear

Edges are ground down and corners
are blunted

Coupon is roughened using SiC

Treatment is repeated on
opposite side of the coupon

the

Hole is punched and identifying
numbers are scribed
Sample is cleaned with acetone and
methanol

Figure 2-1. Schematic of ZIRLO surface preparation method 1.

14

ZIRLO sheet is cut with a shear
Edges are ground down and
corners are blunted

Coupon is mounted on an L-

Coupon is polished using polishing
paper

Final polish is provided
diamond paste on a chamois

by

Treatment is repeated on the
opposite side of the coupon
Hole is punched and identifying
numbers are scribed

Sample is cleaned with acetone
and methanol

Figure 2-2. Schematic of ZIRLO surface preparation method 2.
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2.2

Magnetron Sputtering Deposition

Sputter deposition is a widely used technique to deposit films on substrates. The technique

is based on bombardment of energetic particles, usually ions, on a cathode target source material.

The ion bombardment produces a vapor purely from physical processes that then deposits on the
substrate.

In the generic sputtering process, the materials to be sputtered are held on cathode target

plates and the substrate is placed on a substrate holder in close proximity to the targets. The

cathode and an anode are positioned opposed to each other in a vacuum chamber. Typically, the
chamber is pumped by a combination of turbomolecular and rotary pumps. After the chamber is

pumped down, a noble gas (usually argon) is introduced into the vacuum chamber. When a high
voltage is applied between the cathode and anode, a glow discharge plasma is ignited [35-37].

This plasma consists of pure argon, positively charged argon ions and free electrons. An

electric field accelerates the positively charged argon ions toward the negatively charged sputter
target. Here they collide with the surface of the target at high kinetic energy and dislodge atoms

from the surface of the sputter target, slowly wearing away the target material. The atoms that are
released from the target travel through the vacuum chamber toward the substrate opposite where

they are deposited as a thin layer [35-37]. Secondary electrons are also emitted from the target

surface as a result of the ion bombardment, and these electrons play an important role in

maintaining the plasma [36].

The most common approach for growing thin films by sputter deposition is the use of a

magnetron sputtering source.[35] A basic magnetron sputtering system is shown in Figure 2-3. In

magnetron sputtering, a magnetic field is created around the sputter target, which serves to

constrain the electrons close to the target surface, resulting in a region of enhanced positive ion
generation that substantially increases deposition times [36].
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Target

Power
Supply
Figure 2-3. Schematic of a Basic Inverted Magnetron Sputtering System
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2.3

Experimental Setup

Throughout this thesis, film deposition was carried out using a radio frequency (RF)

magnetron sputtering system equipped with four 50mm diameter individual elemental sputtering

sources that are confocally mounted towards a common 100 mm diameter substrate holder (Figure
2-4). The system consists of a 20-inch diameter stainless steel chamber equipped with a heater (up

to 800°C) and bias sputtering capabilities. By varying the individual source powers and tilt angles,
various compositions can be deposited on different substrates. Sputtering conditions can be seen in
their respective sections of the thesis.

Figure 2-4. Digital Photograph of the multi-source magnetron sputtering system
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2.4

X-ray Diffraction

X-ray diffraction (XRD) is an analytical technique used to characterize crystalline materials

and can provide useful information regarding phase composition, unit cell dimensions, crystallite

size, disorder, and much more. In XRD, a crystalline structure cause a beam of incident x-rays to
diffract into many directions. Diffracted waves from different atoms interfere with each other and

the resultant intensity distribution varies depending on this interference. If the atoms are arranged
in a periodic fashion, as in crystals, constructive interference will occur when the geometry of the

incident X-rays impinging the sample satisfies the Bragg Equation (nλ=2d sin θ). This relates the

wavelength of electromagnetic radiation to the diffraction angle and the lattice spacing in a
crystalline sample.
2.4.1

Grazing Incidence X-Ray Diffraction

In conventional x-ray diffraction, x-rays are used to probe into a relatively large portion of

the bulk sample, with the penetration depths ranging from tens to hundreds of microns. [38] In the
study of thin films, the penetration power of x-rays means that with typical incident angles, the x-

rays path lengths through films are too short to produce a diffracted beam with sufficient intensity.
Under these conditions, the substrate dominates the scattered x-ray signal, and the intensity from
the film is typically not sufficient to overcome the peak to noise ratio.

In order to increase the x-ray intensity measured from the film, the x-ray path length must

be increased though the film and decreased through the substrate. This is accomplished by keeping
the incident beam stationary at a very small angle and performing the diffraction measurement.

This variant of x-ray diffraction is known as Grazing Incidence X-ray Diffraction (GXRD). Figure 2-5

schematically shows a typical diffraction geometry used in GXRD. The incident angles used in GXRD

are typically on the order of the critical angle for total reflection. The small entrance angle causes

the path traveled by the x-rays to increase significantly and the structural information contained in
the diffraction pattern to originate within the film.

By measuring at different grazing incidence angles, this technique allows for depth

dependent structural information. Because of the depth and surface sensitive natures of GXRD,

traditional parafocusing geometry cannot be used in these experiments and the beam must be
shaped and conditioned into a parallel geometry using incident beam optics.
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To reduce divergence and to produce this collimated beam, a Göbel mirror is placed on the

incident beam side. This consists of a laterally graded multilayer mirror that is ground on a

parabola, with the x-ray source as the focus of the parabola. This mirror is constructed such that the
Bragg condition is fulfilled for each position along the mirror surface.

In conventional Bragg-Brentano XRD, both the tube and the detector are simultaneously

moved, resulting in a symmetric 2θ range, as seen in Figure 2-6. In GXRD, the x-ray beam is incident

at a small angle, and the detector is scanned over a 2θ range of interest in an asymmetric scan. As
seen in Figure 2-7, the measurement is made such that the incident angle is kept constant, while the

detector is moved along the 2θ circle.

Figure 2-5. Schematic diagram showing the geometry for X-ray diffraction from a sample in GXRD geometry
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Conventional Bragg – Brentano Geometry
Measuring Circle

Tub

Focusing Circle

Detector

θ

2θ

Sample

Figure 2-6. Ray Diagram of Conventional Bragg - Brentano X-Ray Diffraction

Grazing Incidence Geometry

Parallel Plate
Collimator

Göbel mirror

Tube

Sample

Figure 2-7. Ray Diagram of Grazing Incidence X-Ray Diffraction
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Detector

2.4.1.1

Experimental Setup

For this experiment, a GXRD capable PANalytical X’Pert3 MRD X-ray diffractometer was

used to analyze the coatings on various substrates, such as silicon, alumina, and ZIRLO.

To obtain parallel beam geometry an incident beam parabolic Göbel mirror was used in

combination with a 0.27° diffracted beam parallel plate collimator. The measurements were

performed using Cu Kα x-rays, the data was collected between a 2θ range from 10° - 100° with a

step size of 0.02°/step. In order to obtain depth dependent information the data was collected at

different incident beam grazing angles, specifically 0.25°, 0.5°, 0.75°, 1°, and 8°. The diffracted xrays were collected using a large window Xenon proportional detector. The Grazing Incidence
geometry may be seen in Figure 2-8. Phase identification and analysis of the diffraction data was

performed using WebPDF-4+ 2013 database procured from International Centre for Diffraction

Data (ICDD) in conjunction with Highscore Plus analysis software [39-42]. The small angle of the
incident beam in GXRD experiments causes the x-ray footprint on the sample to take large values.

Divergent slits of small opening angles were used accordingly to avoid the illumination of the
sample holder, which might lead to the occurrence of unexpected Bragg reflections in the
diffraction pattern.

Sample Stage
Diffracted Beam

Incident Beam

Cu X-Ray Tube

0.04° Soller
Slits
Xe Proportional
Detector

0.04° Soller
Slits

0.27° PPC
Mask

1/16° Divergence Slit

Göbel Mirror

Figure 2-8. Digital Photograph of Grazing Incidence X-Ray Diffraction Setup.
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2.4.2

High Temperature X-Ray Diffraction

Combination of the XRD equipment with a temperature chamber under a controlled

atmosphere allows the study of dynamic processes such as reactions involving the solid state, phase

transformations, crystallite growth, thermal expansion and oxidation reactions. Detailed knowledge

of what happens to a sample at non-ambient conditions is essential for optimizing industrial

processes, performing quality control, or for conducting research.
2.4.2.1

Experimental Setup

For this experiment, a PANalytical Empyrean2 X-ray diffractometer was used in conjunction

with an Anton Paar HTK 1200N hot stage to analyze coatings on alumina at differing temperatures.

The hot stage consists of an oven-heated chamber, which is capable of different in-situ x-ray
measurements in differing atmospheres up to 1200°C.

The measurements were performed using Cu Kα x-rays with a focusing beam mirror. The

data was collected between a 2θ range from 10° - 55° with a step size of 0.02°/step. For the High
Temperature Grazing incident experiment presented in this thesis, a 1° incident angle was used.

The diffracted x-rays were collected using a large window Xenon proportional detector. The

Grazing Incidence geometry may be seen in Figure 2-9.
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Incident Beam

Diffracted Beam
High Temperature
Sample Stage
Xe Proportional
Detector

Cu X-Ray Tube

Focusing
Beam Mirror
1/16° Divergence Slit

4mm
Mask

0.09° PPC

0.04° Soller
Slits

0.04° Soller
Slits

Figure 2-9. Digital Photograph of High Temperature Grazing Incidence X-Ray Diffraction Setup.
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2.5

Autoclave Corrosion Testing

The operating conditions of the PWR coolant temperature is approximately 310°C at a

pressure of 2250 psi [43]. In order to assess the oxidation resistance and test the viability of

prospective coatings, autoclave corrosion studies were conducted at Westinghouse Nuclear

facilities (Figure 2-10) to simulate temperature and pressure conditions similar to those seen in

nuclear reactors.

A 360°C water autoclave test was performed on the coated samples. The pressure vessel

and the autoclave sample holder tree are shown in Figure 2-11. For the purposes of this thesis, the
autoclave run was performed according to ASTM G2 and at saturation pressure (2707 psi) and held
at that temperature and pressure for 10 days [44] .

Before the corrosion study, the coated ZIRLO coupons were carefully weighed and the total

surface areas of the coated portion of the samples were calculated. After the 10-day cycle, the

samples are taken out of the autoclave and weighed. The relative weight gain of the corrosion
testing are reported as the change in weight of the sample divided by the initial surface area of the
coating, in accordance to ASTM G2[44].

Weight gain can indicate a chemistry change in the ZIRLO substrate or film through the

creation of an oxide or hydroxide. Samples that show minimal weight gain indicate resistance to
water corrosion; however, samples that lose weight can suggest spalling of the coating and film

delamination. A combination of film delamination and corrosion can occur together, which may be
indicated by minimal sample weight change.
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Figure 2-10. Autoclave testing laboratory at Westinghouse

B

A

Figure 2-11. Digital photographs of A. Autoclave pressure vessel B. Autoclave tree sample holder
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3
3.1

Results and Discussion

Introduction

Bulk MAX phases like TiAl2C, Ti3AlC2 and Nb2AlC have shown remarkable resistance to

oxidation [45, 46]. Thus synthesizing coatings of MAX phase has always been an attractive choice to
prevent the oxidation of Zirconium alloys (in the present studies specifically: ZIRLO). However,
being refractory carbides, it has been difficult to synthesize MAX phase coatings below 700 °C [47].

Thus in an effort to explore the synthesis of MAX phase coatings using magnetron

sputtering a series of studies were performed using magnetron sputtering of TiAlxC(1-x) coatings on

ZIRLO substrates, Al2O3 substrates, as well as SiO2 coated Si substrates. The primary goals of these
studies were:

a . Explore MAX phase coating synthesis at lower substrate temperatures (<500 °C) compared
to the reported Ti-Al-C MAX phase formation conditions (Ti-Al-C MAX phases were formed

at temperatures >700 °C) to date [47, 48].

b . To explore crystalline phases that can prevent oxidation of zirconium alloys (ZIRLO).

c . Use magnetron sputtering to investigate different phase growth in the Ti-Al-C and the Cr-AlC system at different temperatures.

The overarching goal of these studies was to develop corrosion resistant coatings that will

further improve the oxidation resistance of ZIRLO. This Results and Discussion section presents the
results on:

(i) The Ti-Al-C System (Section 3.2)

(ii) The Cr-Al-C System (Section 3.3)

3.2

Ti-Al-C System

As specified in Section 2.2, the thin film synthesis was carried out in a radio frequency (RF)

magnetron sputtering system equipped with 4-50 mm diameter individual sputtering sources

mounted towards a common 100 mm diameter substrate holder. Throughout this study, the

coatings were deposited using high purity elemental sputtering targets of Ti (99.995%), Al

(99.999%), and Graphite (99.999%). During the present study, three generations of samples were
fabricated. The following sections describe for each generation, the coatings architecture,
sputtering parameters used to deposit the coatings and finally the characterization results obtained
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from the as-deposited samples and the autoclave tested samples. This section presents the results
on the following:

(i) Generation 1- Deposition of TiAlxC(1-x) coatings (Section 4.2.1)

(ii) Generation 2 – Combinatorial Approach for Ti-Al-C Deposition (Section 4.2.2)

(iii) Generation 3 – Deposition of Optimized Ti-Al-C Coating (Section 4.2.3)

3.2.1 Generation 1 – Deposition of TiAlxC(1-x) coatings
Coatings with differing TiAlxC(1-x) architectures were deposited on ZIRLO coupons and

subjected to autoclave corrosion testing. This section includes the results on:
(i) The as-deposited coatings (Section 4.2.1.1)

(ii) The corrosion tested coatings (Section 4.2.1.2)
3.2.1.1
As-Deposited Coatings
Figure 3-1 shows the schematic of the architecture for the TiAlxC(1-x) coatings deposited on

ZIRLO coupons prepared using surface treatment 1, as discussed in Section 2.1. One set of samples
(labeled: TF5, TF6 and TF7) had a Ti bond layer to improve adhesion followed by a 1000 nm

TiAlxC(1-x) layer while on the second set of samples (labeled: TF8, TF9 and TF10) a 1100 nm

TiAlxC(1--x) coating was deposited directly onto the ZIRLO substrates. The coatings were deposited at

room temperature and without substrate biasing. Table 3-1, Table 3-2, and Table 3-3 summarize

the sputtering parameters used to deposit these coatings. The total time taken to obtain the

architecture shown in Figure 1A was 385 min and that for the architecture shown in Figure 1B was

395 min.
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TiAlxC(1-x)

TiAlxC(1-x)

1000 nm

1100 nm

Ti 100 nm
ZIRLO

ZIRLO

A

B

Figure 3-1. Schematic of 100nm TiAlxC(1-x) coatings on ZIRLO.

Table 3-1. Sputtering Environmental Parameters for Generation 1 TiAlxC(1-x) coatings

Pressure
[mTorr]
5

Ar-Flow
[sccm]
25

Temperature
[°C]
RT

Bias [V]
0

Table 3-2. Sputtering Parameters for TF5, TF6, and TF7

Layer

Target

Ti

Ti
Ti
Al
C

TiAlxC(1-x)

RF Power
[W]
180
40
100
70 DC

Time [min]
25

360

Table 3-3. Sputtering Parameters for TF8, TF9, and TF10

Layer
TiAlxC(1-x)

Target
Ti
Al
C

RF Power
[W]
40
100
70 DC
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Thickness
(nm)
100
1000

Time [min]

Thickness
(nm)

395

1100

Optical photographs obtained from the as-deposited samples, presented in Figure 3-2, show

almost no change in color from the as prepared ZIRLO coupons. The coatings were deposited on
both sides of the substrates in order to obtain an accurate weight gain after the autoclave oxidation
tests. The as-deposited coatings appear visually uniform and without any noticeable defects.
During the sputtering process, the ZIRLO coupons were attached to the substrate holder using clips,
leaving an uncoated area. The location of these areas can be seen as markings on the samples
shown in Figure 3-2.

TF5
Front

TF6
Back

Front

Back

Front

TF8
Front

TF7
Back

Front

Back

Front

TF9

Back

TF10
Back

Figure 3-2. Digital photographs of as-deposited TiAlxC(1-x) films deposited on ZIRLO coupons prepared using
surface preparation method 1 (Section 2.1).
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3.2.1.2
Grazing Incidence X-Ray Diffraction
GXRD patterns were collected from the as-deposited coatings at multiple angles of

incidence, as described in Section 2.4.1. Figure 3-3 shows the GXRD pattern obtained from the
sample TF6 after deposition of the coating. Displayed in Figure 3-4 is the GXRD pattern of the as-

deposited TF9 sample. The diffraction patterns shown in Figure 3-3 and Figure 3-4 were both
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Figure 3-3. GXRD pattern obtained from as deposited TF6 sample at an incident angle of 0.75°.
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Figure 3-4. GXRD pattern obtained from as deposited TF9 sample at an incident angle of 0.75°.
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Phase identification analysis of the GXRD data obtained from the as-deposited films show

the dominant crystalline phase to be an F m 3� m TiC rock salt-type structure (PDF No. 01-080-

4397), as shown in Figure 3-3 and Figure 3-4. This is reasonable considering that the deposition

was carried out at room temperature. The remaining peaks in the GXRD pattern can be indexed to
zirconium metal (PDF No. 04-004-7512), which is the major constituent of ZIRLO. It should be
noted that zirconium metal peaks appear even at low angles of incidence. This can be explained by

the roughness of the samples caused by initial surface preparation.

The initial intention for these experiments was to form a MAX phase of Ti2AlC, which did not

seem to form. The formation of the TiC rock salt structure in place of the MAX phase is not
surprising, since most ceramics require higher annealing temperatures in order to crystallize.

It should be noted that the phase identification of diffraction patterns shown in Figure 3-3

and Figure 3-4 do not provide any indication as to the presence of aluminum in the coating. Further

analysis of the indexed TiC phase unit cell revealed a lattice parameter of 4.273Å and a unit cell
volume of 78.02Å3. The reported values for the TiC phase (PDF No. 01-080-4397) are 4.328Å for the
lattice parameter and 81.07Å3 for the unit cell volume.

The apparent absence of aluminum from the diffraction pattern and the decrease in lattice

parameter of the TiC can be accounted for by the substitution of Al on Ti sites in the crystal
structure. Shown in Table 3-4 are the effective ionic radii for Ti, Al, and C with six nearest neighbor

� m rock salt structure[49]. Assuming the effective charge of the crystal
atoms, as in an F m 3

remains neutral, as per Pauling’s Rules, the substitution of Aluminum onto a Titanium site would
result in a decrease in the TiC lattice parameter and unit cell volume. [50]

Table 3-4. Shannon ionic radii of Ti, Al, and C with six nearest neighbor atoms [49].

Element

Charge

Coordination

Ti
Ti
Al
C

+3
+4
+3
+4

VI
VI
VI
VI
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Ionic Radius
[Å]
0.67
0.605
0.535
0.16

3.2.1.3

Corrosion Tested Coatings

3.2.1.3.1

Autoclave Corrosion Testing

The coating samples were placed in a 680°F (360°C) aqueous water environment for three

days, after which the samples were measured for any change in mass. The samples were then

placed back in the autoclave for an additional eleven days, for a total of fourteen days in 680°F
water. Weight gain results of the autoclave tests can be seen in Table 3-5.

Analysis of the change in mass of the ZIRLO coupons reveals substantial weight gains for

both coating architectures. After both three and fourteen days, each of the coating architectures

gained significantly more weight than the bare ZIRLO control sample. The weight gained by the
coatings with a Ti buffer layer (samples TF5, TF6, and TF7) was slightly greater than those coatings
without a buffer layer (samples TF8, TF9, and TF10).

Table 3-5. Sample weight gains after 14 day autoclave in 680°F (360°C) aqueous environment

Sample ID

Description

TF5
TF6
TF7
TF8
TF9
TF10
TF14

TiAlxC(1-x) / Ti / ZIRLO
TiAlxC(1-x) / Ti / ZIRLO
TiAlxC(1-x) / Ti / ZIRLO
TiAlxC(1-x) / ZIRLO
TiAlxC(1-x) / ZIRLO
TiAlxC(1-x) / ZIRLO
ZIRLO (control)

Weight Gain
After 3 days
[mg/dm2]
22.94
20.74
22.53
20.43
18.16
19.94
10.46

Weight Gain
After 14 days
[mg/dm2]
29.85
27.42
29.48
27.35
25.73
26.62
17.26

Optical photographs obtained from the samples after corrosion testing, presented in Figure

3-5, show a significant change in appearance from the as-deposited coatings on ZIRLO. The

uncoated clip marks have formed a blackish-grey scale, while the rest of the sample surfaces have

formed a whitish grey scale after subjecting the ZIRLO coupons to the autoclave. Samples TF5, TF6,
and TF7 appear to have streaks of dark grey within the light grey scale on the remainder of the

coupon. The light grey scales on samples from TF8, TF9, and TF10 appear more uniform, as the

streaks are absent.
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Figure 3-5. Digital photographs of ZIRLO coupons coated with TiAlxC(1-x) films after autoclave corrosion testing.

35

3.2.1.3.2

Post-corrosion Grazing Incidence X-Ray Diffraction

Analysis of the GXRD data obtained from the post-autoclave samples, shown in Figure 3-6

and Figure 3-7, indicate the formation of three crystalline phases. Specifically these phases are

AlO(OH) – Boehmite (PDF No. 01-0742900), TiO2 – Anatase (PDF No. 04-002-8296), and ZrO2 –
Baddeleyite (PDF No. 04-008-7682). The formation of these oxide and hydroxide phases is

consistent with the observed scale on the post-corrosion testing of the ZIRLO coupons as well as the

observed weight gain. It should be noted that the relative intensities of both the Anatase and a
Boehmite phases differ from Figure 3-6 to Figure 3-7. This phenomenon is easily explained through

preferred orientation effects of the crystallites in the solid phases that have grown on the samples.

The emergence of an aluminum-containing phase after corrosion affirms that aluminum
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Figure 3-6. GXRD pattern obtained from sample TF6 post-corrosion testing at an incident angle of 0.75°.

36

10
20
30
40
50
60

37
70
80
90
100

2 Theta (degrees)

Figure 3-7. GXRD pattern obtained from sample TF9 post-corrosion testing at an incident angle of 0.75°.
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3.2.2 Generation 2 – Combinatorial Approach for Ti-Al-C Deposition
The original purpose for generation 1 experiments was to form a Ti2AlC MAX phase, which

did not form during room temperature and non-biased conditions. In order to identify the
sputtering conditions that were more conducive to forming viable coatings, a combinatorial

approach was applied during the second generation of testing Ti-Al-C coatings. This combinatorial
method is accomplished by not allowing the substrate holder to rotate, thereby synthesizing a
gradient of ternary compounds across the entirety of the substrate. This section presents the
results resulting from the as-deposited coatings only.

3.2.2.1
As-Deposited Coating
Figure 3-8 shows the schematic of the architecture for the combinatorially sputtered Ti-Al-C

coatings deposited on a SiO2 coated silicon wafer. The architecture of the coating consists of a

400nm combinatorially sputtered film, which was deposited on top of a 20nm TiC bond layer. The
combinatorial coating was deposited at 450°C with a 100 V substrate bias. Table 3-6 and Table 3-7

summarize the sputtering parameters used to deposit this coating. The total time taken to sputter
the Ti-Al-C layer of the architecture shown in Figure 3-8 was 450 minutes.

Ti-Al-C
400 nm

TiC

20 nm
SiO2

Silicon

Figure 3-8. Schematic of 400nm Ti-Al-C combinatorially sputtered coating on Silicon.
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Table 3-6. Sputtering Environmental Parameters for Ti-Al-C Combinatorial Deposition.

Pressure
[mTorr]

Ar-Flow
[sccm]

5

25

Substrate
Temperature
[°C]
450

Bias [V]
100

Table 3-7. Sputtering Parameters for Ti-Al-C Combinatorial Deposition.

Layer
Ti-Al-C

Target
Ti
Al
C

RF Power
[W]
100
150
70 DC

Time [min]

Thickness
(nm)

450

400

3.2.2.2
Grazing Incidence X-Ray Diffraction
In order to identify crystalline structures across the combinatorially sputtered film, grazing

incidence x-ray diffraction patterns were collected from across the Si wafer sample. The Ti-Al
sputtering axis as well as the C sputtering axis were scanned with a 0.75° angle of incidence, with

each axis consisting of nine points with 10 mm spacing with each point. Shown Figure 3-9 and
Figure 3-10 are the Ti-Al sputtering axis and the C sputtering axis respectively, where the labels on
the schematics represent the sputtering target that was closest to the edge of the Si wafer.

Although there is no significant evidence of MAX phase formation observed in the

diffraction patterns, the GXRD patterns clearly shows the emergence of multiple peaks that may be

assigned to different phases. Phase identification analysis of the GXRD composition mapping data

obtained from the combinatorially deposited film reveals the formation of TiC (PDF No. 01-0804397), Ti3AlC (PDF No. 01-077-9772), and TiAl3 (PDF No. 04-015-2440) across the sample.

It can be seen that progression towards the Al-rich side of the sample suppresses the

formation of the TiC phase, which was present in the Generation 1 Ti-Al-C coatings. On the C

sputtering axis, it can be seen that an amorphous type of structure exists on the carbon-rich side of

the wafer and increases in crystallinity as the diffraction patterns advance toward the C-poor side

of the wafer.
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Figure 3-9. (A) Schematic diagram indicating the locations of GXRD scan points on the combinatorially sputtered
Ti-Al-C sample. (B) GXRD scans of Titanium-Aluminum axis with a 0.75° angle of incidence.

40

Ti
50
40
30
20
10
0
-50

-40

-30

-20

-10

0

10

20

30

40

C

50

-10
-20
-30
-40
-50

Al

(A)

10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90
40mm from Center
C-Rich Side

30mm from Center
C-Rich Side
Ti3AlC

TiC

20mm from Center
C-Rich Side

Intensity (arb. units)

TiC

Ti3AlC

TiC

TiC

10mm from Center
C-Rich Side

Ti3AlC
TiC
TiAl3
TiAl3

TiC TiAl3

TiAl3

Center

Ti3AlC
TiC
TiAl3
TiAl3
TiAl3

TiAl3

10mm from Center
C-Poor Side

TiAl3 TiAl3
Ti3AlC

TiAl3
TiAl3

TiAl3
TiAl3

TiAl3

TiAl3

TiAl3

TiAl3

TiAl3

TiAl3

TiAl3 TiAl3

40mm from Center
C-Poor Side

TiAl3
TiAl3

TiAl3

30mm from Center
C-Poor Side

TiAl3

TiAl3
TiAl3

TiAl3 TiAl3

20mm from Center
C-Poor Side

TiAl3

TiAl3
TiAl3

TiAl3 TiAl
3

TiAl3

TiAl3

TiAl3TiAl

3

10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90

2θ (degrees)
(B)

Figure 3-10. (A) Schematic diagram indicating the locations of GXRD scan points on the combinatorially sputtered
Ti-Al-C sample. (B) GXRD scans of carbon axis with a 0.75° angle of incidence.

41

3.2.2.3
X-Ray Photoelectron Spectroscopy
In order to obtain accurate thin film composition characteristics, x-ray photoelectron

spectroscopy data were collected at multiple points on the Ti-Al-C combinatorially sputtered Ti-Al-

C coating. The chemical compositions were mapped along the Ti-Al sputtering axis as well as the C
sputtering axis. Atomic percentages of the three elements can be seen along the two sputtering axes

(Ti-Al axis and C axis) in Figure 3-11. The Ti:Al:C ratio presented in Figure 3-11A varies from

0.5:1:0.4 at the Al-Rich end and 4.8:1:0.8 at the Ti-Rich end. The range of the Ti:Al:C ratio in Figure

3-11B differs from 0.9:1:0.4 at the C-Poor end and 2.4:1:2.5 at the C-Rich end.

Following these Generation 2 studies of combinatorially deposited Ti-Al-C coatings, the Al-

Rich side and the C-Poor side of the combinatorial sample were selected as optimized positions,
since strong crystalline TiAl3 peaks were present in the XRD spectra and the atomic composition

was similar to that of a MAX phase. The study of these optimized parameters constitutes the
Generation 3 portion of the Ti-Al-C coatings investigation.
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Figure 3-11. (A) Diagram of the combinatorially sputtered Ti-Al-C sample. (B) Atomic concentration results from
XPS on the Titanium-Aluminum sputtering axis. (C) Atomic concentration results from XPS on the Carbon
sputtering axis.
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3.2.3 Generation 3 – Deposition of Optimized Ti-Al-C Coating
Following the Generation 2 studies of combinatorially deposited Ti-Al-C coatings, the Al-

Rich side and the C-Poor side of the combinatorial sample were selected as optimized positions,
since strong crystalline TiAl3 peaks were present in the XRD spectra and the atomic composition

was similar to that of a MAX phase. This section presents the study of these optimized parameters
and includes the results on:

(i) The as-deposited coatings (Section 3.2.1.1)

(ii) The corrosion tested coatings (Section 3.2.1.3)

3.2.3.1
As-Deposited Coatings
Figure 3-12 shows the schematic of the architectures of the optimized Ti-Al-C coatings

deposited on a SiO2 coated silicon wafer and on each side of ZIRLO coupons. The surface of the

ZIRLO coupons were prepared using surface treatment 2, as discussed in Section 2.1. The

architecture of the coating consists of a 900nm Optimized Ti-Al-C film, which was deposited on top
of a 20nm TiC bond layer. The optimized coating was deposited at 450°C with a 100 V substrate

bias. Table 3-8 and Table 3-9 summarize the sputtering parameters used to deposit this coating.

The total time taken to sputter the architectures shown in Figure 3-12 was 470 minutes.

Optical photographs obtained from the as-deposited samples, shown in Figure 3-13, show

almost no change in color from the as prepared ZIRLO coupons. The as-deposited coatings appear
largely uniform; however, a slight discoloration may be seen on the front side of the ZIRLO samples,
which was not present in the samples after the initial surface treatment of the ZIRLO coupons. The

location of the substrate holding clips can be seen as markings on the samples shown in Figure
3-13.
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Optimized Ti-Al-C

Optimized Ti-Al-C

900 nm

TiC

900 nm

20 nm

TiC

SiO2

20 nm
ZIRLO

Silicon

Figure 3-12. Schematic of 900mm Optimized Ti-Al-C sputtered coating on Silicon and ZIRLO.

Table 3-8. Sputtering Environmental Parameters

Pressure
[mTorr]

Ar-Flow
[sccm]

5

25

Substrate
Temperature
[°C]
450

Bias [V]
100

Table 3-9. Sputtering Parameters for Ti-Al-C Uniform

Layer

Target
Ti
C
Ti
Al
C

TiC
Ti-Al-C

RF Power
[W]
37
70 DC
126
295
56 DC

TF22
Front

Time [min]

Thickness

20

20 nm

450

TF23
Back

Front

900 nm
TF24

Back

Front

Back

Figure 3-13. Digital photographs of as-deposited Uniform Ti-Al-C coatings deposited on ZIRLO coupons prepared
using surface preparation method 2 (Section 2.1).
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3.2.3.1.1

Grazing Incidence X-Ray Diffraction

GXRD patterns were collected from the as-deposited coatings at multiple angles of

incidence, as described in Section 2.4.1. Figure 3-14 shows the GXRD pattern obtained from the as-

deposited coating on the SiO2/Si substrate at a 0.75° grazing angle. Figure 3-15 shows GXRD
patterns with multiple incidence angles obtained from the sample TF22 after deposition of the
coating.

Phase identification analysis of the GXRD data obtained from the as-deposited films on the

SiO2/Si substrate show a uniform coating consisting of a crystalline TiAl3 type phase (PDF No. 04-
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015-2440) with the space group 𝑃 m 3� m, as shown in Figure 3-14.
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Figure 3-14. GXRD pattern obtained from as-deposited Optimized Ti-Al-C coating on SiO2/Si substrate at an
incident angle of 0.75°.
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Figure 3-15. GXRD patterns obtained from as-deposited TF22 ZIRLO sample at multiple incident angles.

Analysis of the GXRD data obtained from the as deposited coating on the ZIRLO reveals a

mixture phases, which changes as a function of depth into the as-deposited sample. The phases

� m TiAl3 phase (PDF No. 04-015-2440) and the tetragonal P4/mmm
identified are the cubic P m 3

Ti2Al5 phase (PDF No. 03-065-9788). Estimates for the x-ray penetration depths for this sample

were calculated with the aid of PANalytical Highscore+ analysis software to be ~230nm (Incident
Angle=0.25°), ~490nm (Incident Angle= 0.5°), ~690nm (Incident Angle= 0.75°), and ~900nm

(Incident Angle= 1°)[42]. It may be seen that close to the surface of the coating the dominant phase
appears to be the TiAl3 phase, as was the same for the coating on the Si substrate. However, a

significant portion of this surface contains the Ti2Al5 phase. Furthermore, it can be seen that the

Ti2Al5 phase becomes more prominent with increasing depth into the sample. It should be noted

that a similar gradient in composition is present on both the front and the back of the ZIRLO

coupons. Since both sides of the ZIRLO are comparable, a small difference in the sputtering

parameters between front and back sputtering can be eliminated as the root cause of the

compositional gradient. The exact cause of this compositional gradient is unknown, but it is

conceivable that the hexagonal crystal structure of the ZIRLO coupon would preferentially grow the
tetragonal Ti2Al5, as opposed to the cubic TiAl3 phase.
3.2.3.2

Corrosion Tested Coatings

3.2.3.2.1

Autoclave Corrosion Testing

The coating samples were placed in a 680°F (360°C) aqueous water environment for ten

days, after which the samples were measured for any change in mass. Weight gain results of the
autoclave tests can be seen in Table 3-10.

Analysis of the change in mass of the ZIRLO coupons reveals substantial weight gains for the

coating architecture. After ten days, each of the coating architectures gained significantly more
weight than the bare ZIRLO control sample.

Table 3-10. Sample weight gains after 10 day autoclave in 680°F (360°C) aqueous environment

Sample ID

Description

TF23
TF24
TF25

Optimized Ti-Al-C / TiC / ZIRLO
Optimized Ti-Al-C / TiC / ZIRLO
ZIRLO (control)
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Weight Gain
After 10 days
[mg/dm2]
29.1
31.8
15.6

Optical photographs obtained from the samples after corrosion testing, presented in Figure

3-16, show a significant change in appearance from the as-deposited coatings on ZIRLO. The
uncoated clip marks have formed a blackish-grey scale. The rest of the sample surfaces have formed
two distinct regions after subjecting the ZIRLO coupons to the autoclave: a whitish grey scale and a

bluish grey scale. It should be noted that the location of the bluish grey portion of the autoclaved

sample corresponds to the location of the slight discoloration mentioned in Section 4.2.3.1, both

appearing on the front right sides of samples TF23 and TF24. In addition, it should be noted that

bluish grey section on the front of sample TF23 is visually larger than on sample TF24.
TF23

Front

TF24

Back

Front

Back

Figure 3-16. Digital photographs ZIRLO coupons after autoclave corrosion testing of Uniform Ti-Al-C coating.

3.2.3.2.2

Post-corrosion Grazing Incidence X-Ray Diffraction

GXRD was performed on the both the bluish grey and the whitish grey portions of the

autoclaved samples. The GXRD data obtained from the bluish grey portion of the samples, shown in

Figure 3-17, shows the formation of three crystalline phases. Specifically these phases are TiO2 –
Anatase (PDF No. 04-001-7641), AlO(OH) – Boehmite (PDF No. 04-010-5684), and ZrO2 (PDF No.

04-013-6618).

Analysis of the GXRD data obtained from the whitish grey portion of the samples, shown in

Figure 3-18, reveals the formation of two crystalline phases. Specifically these phases are AlO(OH) –

Boehmite (PDF No. 01-074-2900) and TiO2 – Anatase (PDF No. 01-084-1286). It should be noted
that although the whitish grey section on the corroded ZIRLO coupon contains both the Boehmite

and Anatase phases, the ZrO2 phase is not present within the measured GXRD patterns. The lack of
this ZrO2 phase in the whitish grey region indicates that the water environment of the autoclave
was unable to oxidize the ZIRLO in this region. This phenomenon may be caused by either the

coating not spalling away during the autoclave or the coatings did not contain oxidation pathways,
such as along grain boundaries, in this region.
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The smaller relative weight gain of sample TF23, combined with the presence of ZrO2 in the

bluish grey phase, seems to imply that part of the deposited coating or a partially oxidized coating
may have spalled off the ZIRLO coupon during the corrosion testing. Since this spallation appears to

have occurred in the same location of the slight tinging of the as-deposited coatings, the coating

breakaway is likely due to contamination from the sample holder during deposition.
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Figure 3-17. GXRD pattern obtained from the bluish grey portion of TF24 post-corrosion testing at an incident
angle of 0.75°.
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Figure 3-18. GXRD pattern obtained from the whitish grey portion of TF23 post-corrosion testing at an incident
angle of 0.75°.
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3.3

Cr-Al-C System

During this study of the Cr-Al-C system, thin film synthesis was performed using a radio

frequency (RF) magnetron sputtering system equipped with 4-50 mm diameter individual
sputtering sources mounted towards a common 100 mm diameter substrate holder. The coatings

reported in this section were deposited using high purity elemental sputtering targets of Cr

(99.95%), Al (99.999%), and Graphite (99.999%). During this study of the Cr-Al-C system, two

generations of samples were fabricated. The following sections describe for each generation, the
coatings architecture, sputtering parameters used to deposit the coatings and finally the

characterization results obtained from the as-deposited samples and the autoclave tested samples.
This section presents the results on the following:

(i) Generation 1– Combinatorial Deposition for Cr-Al-C (Section 3.3.1)

(ii) Generation 2 – Deposition of Optimized Cr-Al-C Coating (Section 3.3.2)

3.3.1 Combinatorial Deposition for Cr-Al-C
The Cr2AlC MAX phase has the lowest reported formation temperature among all MAX

phases, and it has shown excellent anti-corrosion and anti-oxidation properties. [8-10] During this
study, a combinatorial thin film sputtering procedure was used to explore the formation of the

Cr2AlC MAX phase and investigate the ternary phase space of Cr-Al-C systems in an efficient

manner. This section presents results from the as deposited films and from an in situ high
temperature grazing incidence x-ray diffraction study.

3.3.1.1
Combinatorial thin film synthesis
To explore the Cr-Al-C phase formation, a combinatorial thin film sputtering procedure was

used to investigate the ternary phase space of Cr-Al-C systems. Figure 3-19 shows the schematic of

the architecture for the combinatorially sputtered Cr-Al-C coatings. These coatings were deposited
on Al2O3 single crystal and SiO2 coated Si substrates simultaneously using three element targets (Cr,

Al, and C) in order to be able to characterize the phases crystalized after deposition. The
architecture of the coating consists of a 370nm combinatorially sputtered film, which was

deposited at 550°C with a 35 V substrate bias. By not allowing substrate rotation, a gradient in
sample composition across a 100 mm diameter SiO2-coated silicon wafer and Al2O3 wafer. In order

to be able to simultaneously deposit on both SiO2-coated silicon wafer and Al2O3 wafer, one half of
each wafer was used. A schematic of the deposited film structure and a compositional gradient of

Al:Cr along the vertical axis and C along the horizontal axis of the substrates is shown in Figure
53

3-20. Table 3-11 and Table 3-12 summarize the sputtering parameters used to deposit this coating
architecture.

Cr-Al-C
370 nm

SiO2
1000 nm
Cr-Al-C
370 nm
Silicon

Al2O3

Figure 3-19. Schematic of 400nm Cr-Al-C combinatorially sputtered coating on Silicon and Al2O3 substrates.

Figure 3-20. Schematic of the substrates (one half SiO2 over Si and Al2O3 single crystal) on which Cr-Al-C
combinatorial coatings were deposited and the direction of compositional gradient during sputtering.

Table 3-11. Sputtering Environmental Parameters for Cr-Al-C Combinatorial Deposition.

Pressure
[mTorr]

Ar-Flow
[sccm]

5

25

Substrate
Temperature
[°C]
550

54

Bias [V]
35

Table 3-12. Sputtering Parameters for Cr-Al-C Combinatorial Deposition.

Layer
Cr-Al-C

Target
Cr
Al
C

RF Power
[W]
75
75
70 DC

Thickness
(nm)
370

3.3.1.2
Grazing Incidence X-ray Diffraction
GXRD was used to map the crystallinity and phase of the as-deposited coatings across each

wafer sample. In order to do so GXRD patterns were obtained from 13 regions of size 12 mm × 19
mm along the vertical and horizontal axis of each coated substrate. The incident angle for all the
measurements was kept constant at 0.75°.

Figure 3-21 shows one of the GXRD pattern obtained from near center region of the coating

deposited on the Al2O3 substrate. It can be seen that the as-deposited coating is perfectly crystalline

and phase identification using the international crystal structure database (ICSD) show a good
match with a reported Cr2AlC MAX phase (PDF number 04-007-2697). The pattern also shows

existence of other minor secondary phases, which may be indexed as C (PDF No. 01-077-7164) or

Cr5Al8 (PDF No. 01-071-9391).
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Figure 3-21. GXRD pattern of as-deposited combinatorial Cr-Al-C coating on Al2O3 with an incident angle of 0.75°.

56

3.3.1.3
High Temperature Grazing Incidence X-Ray Diffraction
In order to observe crystallization of the as-deposited Cr-Al-C coating in to MAX phase

Cr2AlC, in-situ HTGXRD patterns were collected from the area on the combinatorial Cr-Al-C on Al2O3

sample presented in Figure 3-21. An 11 mm x 19mm sample was removed from the Cr-Al-C

combinatorially sputtered Al2O3 wafer using a diamond wafer saw blade. The environment for each

of the high temperature scans was a 4.5 x 10-5 torr vacuum and the angle of incidence was 1.0°.

Each x-ray diffraction pattern was scanned from 10°-55° 2 theta with a step size of 0.02° and a step

time of 11 seconds per step, for a total time of approximately 7 hours at each temperature, as

outlined in Section 2.4.2 . The temperature profile for this HTGXRD study is displayed in Figure
3-22. Results from the 25°C, 250°C, and 500°C scans can be seen in Figure 3-23.

Analysis of the diffraction data obtained in the HTGXRD study, shown in Figure 3-23,

indicate the formation of two crystalline phases in the as-deposited film at 25°C. These phases were

identified as Cr2AlC MAX phase (PDF No. 04-005-5217) and Cr5Al8 (PDF No. 01-071-9391). This is

consistent with the observed pattern presented in section, in figure. On the increase in temperature

from 25°C to 250°C, the majority of the diffraction pattern shows little to no marked change.

However, there is a slight increase in the intensity of the low angle superstructure peak of Cr2AlC.

The formation of these oxide and hydroxide phases is consistent with the observed scale on the

post-corrosion testing of the ZIRLO coupons as well as the observed weight gain. The increase in
temperature between 250°C and 500°C produced a significant change in the observed diffraction

pattern. During the 500°C scan, the Cr5Al8 phase (PDF No. 01-071-9391) recedes, and the Cr2AlC

MAX phase (PDF No. 04-005-5217) appears as the only identifiable phase.

It should be noted that the relative intensity of the low angle Cr2AlC peak has increased in

intensity yet again. This increase in the relative intensity of the low angle Cr2AlC peak and the

apparent stationary nature of the other observed peak intensities can be explained by anti-site
disordering in the Cr and Al sublattices. The diffraction patterns of the lower temperature scans
suggest a higher degree of anti-site disordering than the scan at 500°C.
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Figure 3-22.Temperature Profile of High Temperature GXRD of Cr-Al-C coating on Al2O3
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Figure 3-23. High Temperature GXRD of combinatorially sputtered Cr-Al-C films
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3.3.2 Generation 2 – Deposition of Optimized Cr-Al-C Coating
Following the Generation 1 studies of combinatorially deposited Cr-Al-C coatings, the

central position of the substrates was selected as the optimized composition, since strong

crystalline Cr2AlC MAX phase peaks were present in the XRD spectra. This section presents the
study on the sputtering of a uniform film with these optimized parameters and includes the results
on:

(i) The as-deposited coatings (Section 3.3.2.1)

(ii) The corrosion tested coatings (Section 3.3.2.2)

3.3.2.1
As-Deposited Coatings
Figure 3-24 shows the schematic of the architectures of the optimized Cr-Al-C coatings

deposited on a single crystal wafer of Al2O3 and on each side of ZIRLO coupons. The surface of the
ZIRLO coupons were prepared using surface treatment 2, as discussed in Section 2.1. The

architecture of the coating consists of a 1000nm Optimized Cr-Al-C film, which was deposited
directly on top of the substrates. The coating was deposited at 550°C with a 35 V substrate bias.
Table 3-8 and Table 3-9 summarize the sputtering parameters used to deposit this coating.

Optical photographs obtained from the as-deposited samples, shown in Figure 3-25, show

almost no change in color from the as prepared ZIRLO coupons. The as-deposited coatings appear
largely uniform; however, significant discoloration may be seen on each of the ZIRLO samples. The

location of the substrate holding clips can be seen as markings on the samples shown in Figure
3-25. The discoloration of the ZIRLO samples shown in Figure 3-25 can be attributed to
contamination from the substrate sample holder during the deposition process.
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Optimized
Cr-Al-C

Optimized
Cr-Al-C

1000 nm

1000 nm

Al2O3

ZIRLO

Figure 3-24. Schematic of 1000mm Optimized Cr-Al-C sputtered coating on Al2O3 and ZIRLO.

Table 3-13. Sputtering Environmental Parameters for Cr-Al-C Combinatorial Deposition.

Pressure
[mTorr]

Ar-Flow
[sccm]

5

25

Substrate
Temperature
[°C]
550

Bias [V]
35

Table 3-14. Sputtering Parameters for Cr-Al-C Combinatorial Deposition.

Layer
Cr-Al-C

Target
Cr
Al
C

TF18
Front

RF Power
[W]
75
75
70 DC

Thickness
(nm)
1000

TF19
Back

Front

TF20
Back

Front

Back

Figure 3-25. Digital photographs of as-deposited Optimized Cr-Al-C coatings deposited on ZIRLO coupons
prepared using surface preparation method 2 (Section 2.1).
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3.3.2.1.1

Grazing Incidence X-Ray Diffraction

GXRD patterns were collected from the as-deposited coatings at multiple angles of

incidence, as described in Section 2.4.1. Figure 3-26 shows the GXRD pattern obtained from the as-

deposited Cr-Al-C film on the Al2O3 substrate. Displayed in Figure 3-27 is the GXRD pattern of the

as-deposited TF20 sample. The diffraction patterns shown in Figure 3-26 and Figure 3-27 were
both obtained at a 0.75° grazing angle.

Analysis of the GXRD data of the as-deposited Cr-Al-C coating on the Al2O3 substrate shows

a biphasic mixture, consisting primarily of P63 / mmc Cr2AlC MAX phase (PDF No. 04-005-5217)

with C as a minor second phase (PDF No. 01-074-2328), as shown in Figure 3-26.

Phase analysis of the as-deposited Cr-Al-C coating on the ZIRLO substrate GXRD data,

shown in Figure 3-27, shows the presence of three crystalline phases. These phases have been

identified as a hexagonal P63/mmc Cr2AlC MAX phase (PDF No. 04-005-5217), a tetragonal
I4/mmm Cr2Al phase (PDF No. 04-004-8635), and a hexagonal P63mc Cr7C3 phase (PDF No. 04-005-

9649). The lattice parameters and unit cell volume of both the reported phases and those from this
study are shown in Table 3-15.

It should be noted that the low angle peak of the Cr2AlC MAX phase has curiously low

intensity, while the rest of the identified peaks have the expected intensity, without significant

evidence of preferred orientation of the Cr2AlC crystallites in the film. It should also be noted that

the calculated lattice parameters and unit cell volume of the Cr2AlC MAX Phase are remarkably
similar to the reported values. Each of these phenomena can be explained as a disordering of Cr and

Al atoms within their respective crystal sites, therefore lowering the intensity of the low angle
superstructure peak.
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Figure 3-26. GXRD pattern of as-deposited uniform Cr-Al-C coating on Al2O3 with an incident angle of 0.75°.
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Figure 3-27. GXRD pattern of as-deposited uniform Cr-Al-C coating on ZIRLO with an incident angle of 0.75°.

Table 3-15. Reported and Calculated Lattice Parameters and Unit Cell Volume for Cr2AlC, Cr2Al, and Cr7C3

Reported Values

Phase

Cr2AlC
Cr2Al
Cr7C3
Calculated Values

Phase

Cr2AlC
Cr2Al
Cr7C3

Lattice Parameter[Å]
a=b
2.854
2.9984
14.0180

Lattice Parameter [Å]
c
12.82
8.6303
4.5270

Unit Cell
Volume [Å3]
90.43
77.57
770.39

Lattice Parameter[Å]
a=b
2.858
2.9966
14.04

Lattice Parameter [Å]
c
12.60
8.97
4.52

Unit Cell
Volume [Å3]
89.24
78.89
771.70
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3.3.2.2
Corrosion Tested Coatings
The coating samples were placed in a 680°F (360°C) aqueous water environment for ten

days, after which the samples were measured for any change in mass. Weight gain results of the
autoclave tests can be seen in Table 3-16.

Analysis of the change in mass of the ZIRLO coupons reveals minimal weight gains for the

coating architecture. After ten days, each of the coating architectures gained significantly less

weight than the bare ZIRLO control sample. These low and weight gains and weight losses are

indicative of the deposited coating spalling off the substrate during corrosion testing.

Table 3-16. Sample weight gains after 10 day autoclave in 680°F (360°C) aqueous environment

Sample ID

Description

TF19
TF20
TF25

Optimized Cr-Al-C/ ZIRLO
Optimized Cr-Al-C/ ZIRLO
ZIRLO (control)

Weight Gain
After 10 days
[mg/dm2]
-0.3
3.7
15.6

Optical photographs obtained from the samples after corrosion testing, presented in Figure

3-28, show a significant change in appearance from the as-deposited coatings on ZIRLO. The
uncoated clip marks have formed a blackish-grey scale. The rest of the sample surfaces have formed

two distinct regions after subjecting the ZIRLO coupons to the autoclave: a blackish grey scale and a

reflective silver portion of coating. In the areas where the black scale and the silvery coating are

adjacent to one another, pieces of the reflective silvery coating is flaking off, revealing more black

scale. This coating flaking off is supported by the low weight gains of the autoclaved samples. It
should be noted that the locations of the blackish grey scale largely correspond to the location of

the slight discoloration mentioned in Section 3.3.2.1.
TF19

Front

Back

TF20
Front

Back

Figure 3-28. Digital photographs of optimized Cr-Al-C films after autoclave corrosion testing.
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3.3.2.2.1

Post-corrosion Grazing Incidence X-Ray Diffraction

GXRD was performed on the both the blackish grey and the reflective silver portions of the

autoclaved samples. The GXRD data obtained from the blackish grey portion of the samples, shown
in Figure 3-29 shows the formation of four crystalline phases. Specifically these phases are AlO(OH)

– Boehmite (PDF No. 00-021-1307), CrO2 (PDF No. 04-013-0303), ZrO2 – Tazheranite (PDF No. 04002-8314), and ZrO2 – Baddeleyite (PDF No. 04-006-7558).

Analysis of the GXRD data obtained from the reflective silver portion of the samples, shown

in Figure 3-30, reveals the formation of four crystalline phases. Specifically these phases are Cr2AlC
MAX Phase (PDF No. 04-005-5217), Al2O3 (PDF No. 00-001-1303), CrO2 (PDF No. 04-002-5942),

and ZrO2 (PDF No.04-012-0882).

It should be noted that within the reflective silver portion of the sample, the Cr2AlC MAX

phase withstood the corrosion testing. In addition, the low angle superstructure peak of the Cr2AlC
MAX phase is clearly visible, as opposed to the as-deposited coating shown in Section 3.2.3.1.1. The

intensity increase of the low angle peak is indicative of the Cr and Al atoms ordering on their
respective crystal sites after being subjected to the 360°C corrosion testing environment for 10
days.
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Figure 3-29. GXRD pattern obtained from the opaque black section of TF20 post-corrosion with an incident angle
of 0.75°.
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Figure 3-30. GXRD pattern obtained from the reflective silver section of TF20 post-corrosion with an incident
angle of 0.25°.
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4

Conclusions

In this chapter, the main findings with regard to the research are summarized and general

conclusions based on the findings of the studies presented in this thesis are described.

Furthermore, the strengths and limitations of this thesis are considered and suggestions for further

research are presented.

The central aim of the studies presented in this thesis was to reduce cladding oxidation in a

nuclear reactor environment. Ti-Al-C and Cr-Al-C coatings were deposited on ZIRLO via magnetron

sputter deposition, with the intention to develop an oxidation resistant coating without raising the
temperature of the ZIRLO substrate above 550°C. Laboratory based corrosion testing was

performed on the as-deposited coatings, in order to gauge the viability of the coatings in a nuclear
reactor environment. The coatings were characterized before and after corrosion testing, in order
to assess the phases present in the sample and determine the oxidation resistance of the coatings.

The main research of the first study, reported in Section 3.2, was to deposit a TiAlxC(1-x)

coating onto ZIRLO with the intention of producing a Ti2AlC MAX phase. Initially the Generation 1

Ti-Al-C coatings consisted of a TiC rock salt type phase, with Al substituting on Ti crystal sites. After

corrosion testing, this coating had oxidized into AlO(OH) Boehmite and TiO2 Anatase, gaining a

significant amount of weight in the process. In addition, this coating did not prevent the oxidation of

the ZIRLO substrate, as intended by the research. Generation 2 Ti-Al-C samples consisted of

combinatorially sputtered films on various substrates using a 450°C substrate temperature. The

resulting phases across this combinatorially sputtered coating consisted of TiC, Ti3AlC, and TiAl3.
The desired Ti2AlC MAX phase was not found within the Generation 2 Ti-Al-C sample, mainly due to

the temperature limitations imposed by the ZIRLO substrates. Because of the high crystallinity of
the TiAl3 phase found in Generation 2 Ti-Al-C samples, Generation 3 Ti-Al-C samples were

optimized to deposit coatings with the TiAl3 phase. The as-deposited phases of this optimized

coating on ZIRLO was found to be a gradient of two phases, starting with Ti2Al5 at the ZIRLO

substrate and ending with TiAl3 at the surface of the coating. The hexagonal crystal structure of the

ZIRLO was likely the cause of preferentially growing the Ti2Al5 phase close to the substrate. After

corrosion testing, this optimized Ti-Al-C coating gained a significant amount of weight, having been
oxidized into AlO(OH) Boehmite and TiO2 Anatase. All generations of this study suggests that the Ti-

Al-C phases would not be suitable as a coating for ZIRLO nuclear fuel cladding, due to the oxidation
and weight gain of the coatings. In addition, it appears that the sputtering of Ti2AlC MAX phase is
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not possible using elemental sputtering targets, due to the temperature limitations of the ZIRLO
substrate.

The research of the second study, described in Section 3.3, focused primarily on depositing

Cr-Al-C coatings as a Cr2AlC MAX phase. The Generation 1 Cr-Al-C coatings were combinatorially

sputtered thin films, which were used to investigate the ternary phase space of the Cr-Al-C system.

An in-situ high temperature grazing incidence x-ray diffraction experiment was performed in order
to observe crystallization of the as-deposited coatings. After being exposed to 500°C temperatures

during the HTGXRD measurements, stabilization and ordering of the Cr2AlC phase occurred.
Locations where the Cr2AlC MAX phase was found on the combinatorially sputtered film were used

to calculate sputtering parameters for the Generation 2 Cr-Al-C coatings. Generation 2 Cr-Al-C

samples were optimized to deposit coatings with the Cr2AlC MAX phase, with a sputtering

temperature of 550°C. The as-deposited samples of this generation show discoloration of the ZIRLO

coupons, which was attributed to contamination of the substrate holder prior to sputtering. The asdeposited films on ZIRLO were identified as a three phase mixture of Cr2AlC MAX phase, Cr2Al, and

Cr7C3. This identified Cr2AlC MAX phase showed evidence of disordering of Cr and Al atoms on their

respective crystallographic sites. This is significant as it demonstrates the formation of the Cr2AlC

MAX phase at 550°C. After corrosion testing, this optimized Cr-Al-C coating spalled away from the

ZIRLO substrate, gaining significantly less weight than control ZIRLO samples. The areas where the

coatings spalled away showed significant oxidation products of both the coating and ZIRLO,

including AlO(OH) Boehmite, ZrO2, and Cr2O3. The regions where the coatings did not spall away
from the substrate showed less oxidation. Within these areas, the Cr2AlC MAX phase showed
evidence of transitioning from a disordered state to an ordered state, after being exposed to the

corrosion testing environment. This result is particularly important, as it shows further ordering of

the corrosion resistant MAX phase when exposed to a simulated reactor environment. This coating
shows great potential for future research; however, it is of vital importance to eliminate the spalling
of the coating off the substrate. This could potentially be eliminated by taking care remove any

contaminants prior to sputter deposition or by using a different surface treatment, such as pickling
the ZIRLO with a Hydrofluoric and Nitric acid mixture.
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